The prospect of electronic circuits that are stretchable and bendable promises tantalizing applications such as skin-like electronics, roll-up displays, conformable sensors and actuators, and lightweight solar cells. The preparation of highly conductive and highly extensible materials remains a challenge for mass production applications, such as free-standing films or printable composite inks. Here we present a nanocomposite material consisting of carbon nanotubes, ionic liquid, silver nanoparticles, and polystyrene-polyisoprenepolystyrene having a high electrical conductivity of 3700 S cm -1 that can be stretched to 288% without permanent damage. The material is prepared as a concentrated dispersion suitable for simple processing into free-standing films. For the unstrained state, the measured thermal conductivity for the electronically conducting elastomeric nanoparticle film is relatively high and shows a non-metallic temperature dependence consistent with phonon transport, while the temperature dependence of electrical resistivity is metallic. We connect an electric fan to a DC power supply using the films to demonstrate their utility as an elastomeric electronic interconnect. The huge strain sensitivity and the very low temperature coefficient of resistivity suggest their applicability as strain sensors, including those that operate directly to control motors and other devices. © 2013 IOP Publishing Ltd. 
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Introduction
Three main strategies have been explored to overcome the inherent incompatibility of high electronic conductivity and high reversible extensibility in materials. Firstly, thin film silicon-based electronics have been laminated within polymer sheets so that they lie close to the neutral axis during sheet bending [1] . This strategy ensures that the silicon strain is low and damage avoided, but the method is only successful for low radius bends and is not suitable for stretching. Silicon and other metal components have been geometrically modified to induce flexibility and high strain elasticity in tension [2] [3] [4] [5] [6] [7] [8] [9] . Corrugated sheets or perforated mesh-like films allows for large deformations while maintaining a low strain within the material elements. Finally, composite materials containing conductive particles embedded within an elastomeric matrix have also been extensively investigated [10] [11] [12] [13] [14] [15] [16] [17] [18] . The most successful systems retain a percolated conductive network to high strains.
The property requirements for stretchable electronics depend very much on the application. The ability to sustain strains of up to 30% for displays [8] and 100% for actuators [17] without permanent mechanical or electrical degradation has been reported. For electronic interconnects, the desire is to produce the highest conductivity possible, so as to reduce resistance losses and maximize the current capacity of the circuit. A resistivity that is insensitive to strain is desirable for electronic interconnects.
For mechanical sensors, however, a change in resistance with strain is needed. Finally, for cost minimization the materials need to be suitable for mass production, with printing-based assembly a popular option.
Recent reports [10] [11] [12] [13] set the benchmark in terms of a material that combines high conductivity, high strain elasticity and processability. Chun et al [13] report a composite material consisting of multi-walled carbon nanotubes (MWNTs) and silver flakes prepared as a solution with an ionic liquid and a supporting film-forming polymer. The composite film had a conductivity of 3,100 S cm -1 at zero strain that decreased to 60 S cm -1 at 30% strain before curing and hot rolling at elevated temperature.
These composite films had excellent electrical conductivity, but low extensibility themselves. Similar systems that use single-walled carbon nanotubes (SWNTs) give lower conductivities: 57 S cm -1 at 38%
strain [10] ; 102 S cm -1 at 29% strain [11] ; 50 S cm -1 at 30% strain [14] ; and 125 S cm -1 at zero strain [19] for a coated textile.
Here we present elastomeric nanocomposite films which have a high-electrical conductivity of ~3,700 S cm -1 at 0% strain and ~50 S cm -1 at 100% strain. The films were prepared by casting a dispersion of MWNTs, an ionic liquid, and Ag nanoparticles in a polystyrene-polyisoprenepolystyrene (SIS) matrix. The same solutions were successfully screen printed onto plastic substrates.
The utility of the nanocomposite film as an elastomerically deformable current conductor was demonstrated by using this film as a link in the power circuit for the fan of a personal computer: even when stretched 30% the link provided 8V to the fan for 300 hours without causing severe performance degradation of the fan.
Experimental section

Preparation of the nanocomposite film
MWNTs with an outer diameter of 10 nm (Nanocyl, 60 mg) were mixed and ground with 150 mg ionic liquid (1-butyl-4-methylpyridinium tetrafluoroborate) using a pestle and mortar for 30 min to yield a black gel [10] . The MWNT gel (210 mg) was blended with a SIS copolymer in toluene, and sonicated 
Measurement of electrical and thermal conductivity
The electrical conductivity of the film was measured using a two-point probe (4-wiring system). An ohm meter (Delta United Instrument Co., Ltd. DU-5111) was used for the resistance measurement of the film. The strain was applied using a house-built device as shown in figure S1 . The thermal conductivity and thermal diffusivity of CNT composite were measured using the self heating 3-omega method. The conventional schematic diagram of 3ω measurement setup is shown in figure S2 . The 
The operation of PC fan using an elastomeric electronic interconnect
A standard 3W fan used for PC ventilation was used for this demonstration. The PC fan was operated at voltages between about 3 and 8 V using a DC power supply (Testlink, Korea, VS-350Q). Strain was applied to the elastomeric film using a home-built device. Fan rotation rate was measured by counting the reflection of laser beam from a metal film that on attached to the fan. Current-voltage characteristic of PC fan was measured up to 30% strain of the connecting elastomeric film using a current meter (Keithley 2400). The power consumption (P) of conducting elastomeric film was calculated by
where I is current, L is the film length, R is the electrical resistance of the film.
Characterization
The morphology of the composite film was investigated by FE-SEM (Hitachi, S4800) and EDS (Horiba, EMAX). The mechanical properties of the rubber film were measured using an Instron 5900 testing machine of Instron Corporation. Figure 1 schematically illustrates the preparation of AMSN free-standing film. In brief, MWNTs (average diameter: 10 nm) were mixed with a pyridinium-based ionic liquid (1-butyl-4-methylpyridinium tetrafluoroborate), which has an ionic conductivity of 1.854 mS cm -1 [20] and is known to effectively disperse nanotubes [21] without causing substantial damage to the nanotubes [22] .
Results and discussion
Preparation of AMSN films
Complete gelation of MWNTs and ionic liquid occurred when a 2.5 weight ratio of ionic liquid versus
MWNTs were mixed using a mortar and pestle (figure 1a), which is the weight ratio used for all experiments. The MWNT gel was further mixed with SIS copolymer in toluene, and then sonicated (figure 1b).
SIS copolymer was chosen as the matrix due to its excellent mechanical properties as rubber (the elongation to break and tensile strength were 1480% and 8.75 MPa, respectively (supplementary data, figure S3 ). Also, use of π-π interaction of aromatic rings in polymers is known to be effective for both binding carbon nanotubes (CNTs) and dispersing them without damaging the sp 2 structure and thereby interrupting CNT conjugation [23] [24] [25] . Therefore, aromatic rings on the polystyrene block should be effective for stacking the SIS molecules onto the CNT surface via π-π interaction; dispersing the CNTs; MWNTs were mixed and ground with ionic liquid (2.5 times vs. MWNTs) using a pestle and mortar for 30 min. MWNT gels were added into SIS solution and sonicated (600 W, 20 min) to make homogeneous MWNTs-SIS composite solution. Finally, the MWNT-SIS films were homogeneously prepared up to 2 weight % (wt%), but crack was generated in the films at over 3.5 wt% (supplementary data, figure S5 ). Also, the resistance of MWNT-SIS films rapidly decreased with increase of the MWNT concentration up to 2 wt%, and the decrease of film resistance with increasing nanotube concentration was small above 2.7 wt% of MWNTs (supplementary data, figure S6 ).
Electrical conductivity and stretchability of the AMSN films
Therefore, the amounts of components except Ag nanoparticles were kept constant (MWNTs, 60 mg; ionic liquid, 150 mg; SIS, 2.6 g).
In order to investigate the percolation of Ag nanoparticles in the MWNT-SIS composites, the electrical conductivity was measured according to the amount of Ag nanoparticles. The dimension of the composite films were 20 х 7 x (0.08~0.1) mm. As shown in the figure 3a, the electrical conductivity of the AMSN films rapidly increased when the volume of Ag nanoparticles in the dried film was above 29 volume % (vol%), which is approximately the experimental percolation threshold.
At the peak, the electrical conductivity reached an average value of ~3,700 S cm The theoretical prediction for the electrical conductivity of the AMSN films was obtained using a power-law relationship and three-dimensional percolation theory [13, 26] . Briefly, the assumed powerlaw relationship is given by
where σ is the electrical conductivity of the composite, σ 0 is the electrical conductivity of the conductive filler (σ 0 =86,000 S cm -1 for bulk Ag, which were assumed to be the main conducting elements), V f is the volume fraction of the filler, V c is the critical volume fraction at the percolation threshold, and s is the exponent in the power law indicating networks dimensionality. The theoretically obtained value of s for a 3D percolation was 1.36. The Ag nanofiller was modeled as 3D randomly distributed isotropic nanoparticles, and the percolation threshold was calculated using the average interparticle distance model [26] . Power-law fitting using an experimentally derived percolation threshold of 29 vol% after the drying process, which is equivalent to 34 wt% in the initial mixture, showed good agreement with the experimental data on conductivity as a function of Ag loading ( figure   3a ) and the 26 vol% average interparticle distance model. No attempt was made to fit the conductivity data above 40 vol% due to the cracking and phase separation of Ag nanoparticles that limited electrical conductivity.
The role of a minor concentration of carbon nanotubes (typically 1 wt%) in enabling the combination of high conductivity and high elasticity is important, but complex. The percolation thresholds of pure CNTs and pure Ag nanoparticles in a SIS polymer matrix were about 1 and 37 wt%, respectively. In general, the metallic continuum in a dielectric matrix can be achieved with high Ag loadings in the range of 30~80 wt% [27, 28] . Above the percolation threshold, the adjacent Ag fillers coalesce inducing the formation of larger nanoclusters [27] . The nanoclusters increase the connectivity of fillers and result in the enhancement of electrical conductivity due to efficient electron tunneling [29] . In the present work, the percolation threshold of the AMSN of Ag in the MWNT-containing composite was 37 wt%. Experimentally, it was confirmed that the film made with 37 wt% Ag nanoparticles without CNTs had a conductivity of only ~75 S cm
The strain sensitivity of the electrical conductivity of the free-standing AMSN films was measured to various strain limits using a two-point probe system (figure 3b). Because elastomeric SIS copolymer has excellent mechanical properties such as the elongation to break (1480%) and tensile strength (8.75 MPa) (supplementary data, figure S3 ) the conductive films consisting of MWNTs and Ag nanoparticles can be sustained even at quite large strain. The two-point probe electrical conductivity system used to measure electrical conductivity as a function of strain is described (Supporting Information, figure S5 ). An average conductivity of ~3,700 S cm -1 was obtained at 0% strain for all 4 samples prepared with an Ag nanoparticle concentration of 51 wt% corresponding to 40 vol% and SIS solution of either 10 wt% or 15 wt% in toluene. The conductivities decreased with increasing strain, with the samples prepared at 15 wt% decreasing more slowly than films prepared from the 10 wt% solution. The highest conductivity at 30% strain was 1,500 S cm -1 and at 100% strain was ~50 S cm -1 . These conductivities are amongst the highest reported at equivalent strains [10, 11, 13] and only exceeded by as system composed of a silver paste coated onto a corrugated rubber substrate [8] , which is a method that cannot be used for ordinary printing and results in substrate bound material that cannot be strained to above 60% without causing failure. A pure Ag film without CNTs had a conductivity of ~ 75 S cm -1 . Cyclic tests on the AMSN films to either 10 or 30% maximum strains and up to 300 cycles were performed, which indicates reversibly strain-dependent conductivity after the first few "break-in cycles"(figure 3c). Usually, in the case of elastomeric conductive film, the structural deformation was observed during the stretching cycles [7] . During the durability test, disconnection between materials in the composites can be created and inhibiting the electrical pathway.
Therefore, it is considered that stretchability of samples can be enhanced by introducing perforation which can induce relaxation in the stress concentration and increase elasticity under tensile load [30] .
Elastic rubber substrates also increase the stretchability of a conductive film that is embedded in the substrate or attached to the substrate, while maintaining its electrical conductivity [1, 2, 4, 7, 9, 19] . In this study, however, the free-standing AMSN film without the aid of rubber substrates was compared with other control materials because of high electrical conductivity and elongation of AMSN film itself. During stretch and recovery of samples, the electrical conductivity of AMSN film was ~1,600 S cm -1 at 30% strain after 300 cycles. This value even if no any substrate is the highest among other reports. For example, the electrical conductivity of the textile coated with SWNT ink was ~125 S cm
The value of R/R 0 decreased to ~0.825 until the strain reached 140%, and then increased as the strain increased further (~0.95 at 229% strain) [19] . The electrical conductivity of poly(ethylene oxide) gel/Ag composites on a polydimethylsiloxane (PDMS) elastomer substrate was 18,000 S cm -1 at 40%
strain. The weight fraction of Ag nanoparticles was, however, very high in the value of 60% [16] . Also, silver micro electrode on a substrate showed 118 S cm -1 at 10% strain [5] . However, these materials have no printability required for large-scaled electronic systems.
Printable composites with electrical conductivity of 57 S cm -1 at 38% strain have been reported [10] . The stretchability was then further improved at the maximum electrical conductivity (which fell to 6 S cm -1 at 134% strain) by perforating the nanotube film and then coating it with PDMS substrate .
Jet milling has also been used to improve the performance of nanotube films to a maximum electrical conductivity of 102 S cm -1 at 29% strain and 9.7 S cm -1 at 118% strain [11] . Very recently, Chun et al obtained the conductive films with 5170 S cm -1 at 0% strain and 706 S cm -1 at 30% strain by using hotrolling method and elastomeric substrate [13] . However, all of the films without substrate were fractured around 35% strain. The AMSN films have much higher electrical conductivity in the factor of 2.8 at 0% strain and 5 at 30% strain in comparison with previous their results. Most stretchable and conductive composite materials have been incoporated into the polymer substrate such as PDMS in order to improve stretchability [4, 6, 7] . However, we here fabricated highly conducting, easily fabricated elastomeric films without need for a substrate and other treatments such as hot rolling and annealing methods.
The highest achieved electrical conductivity (3,700 S cm -1 ) was substantially reduced during initial cycling used to obtain reversible dependence of electrical conductivity as a function of strain (figure 3c). However, the final reversible electrical conductivity in 30% strained state is still sufficiently high for use as an elastomeric interconnect. This reversible electrical conductivity is approximately exponential in applied strain, which indicates that free-standing AMSN films can be useful as strain sensors. The average coefficient of reversible fractional resistance change (R-R 0 /R 0 ) between 0 and 30% is a giant 270% per % strain. In comparison with other reports, the SWNTs/silicone rubber composite films retain their conductivity as 18 S cm -1 after 20th cycle test up to 300% strain [14] . The maximum conductivity of this film is 63 S cm -1 at 0% strain after acid treatment of the film.
Temperature dependence of resistivity and thermal conductivity for AMSN films
Considering the giant dependence of electrical conductivity on strain and the large positive thermal expansion that can be expected for the elastomer matrix, the temperature dependence of the AMSN film resistance (R) is surprisingly linear in temperature and small in the investigated wide temperature range 80 K and 350 K (figure 4a). It means that in electrical conductivity of CNT/Ag composite the contribution of Ag nanoparticles is dominant in whole measured region because the resistance linearly increases with increasing temperature in many metals and metal-polymer complexes [31] [32] [33] . The coefficient dR/RdT ~ 3.3 x 10 -3 K -1 is close to that of bulk high purity silver (3.8 x 10 -3 K -1 and 4 x 10 -3 to 2.5 x 10 -3 K -1 for Ag nanowires having diameters between 15 and 200 nm [34] . The combination of this small dependence of electrical on temperature, the exponential dependence of electrical conductivity of strain, and electrical conductivity reversibility up to 30% strain swuggests that the AMSN films are particularly attractive for application as mechanical strain sensors. In contrast with the metallic temperature dependence of electrical conductivity, the AMSN films shows the non-metallic temperature dependence of thermal conductivity (figure 4b) that one would expect for phonon transport. The thermal conductivity at 300 K is 8.7 W/Km, which is above 40 times that of the SIS polymer matrix.
The electrical performance of the AMSN film as an interconnect material was demonstrated by operating a PC fan, as schematically illustrated in figure 5a. The fan operated successfully at DC voltages from 3 V (figure 5b) and fan speed was not greatly affected by stretching the film to 30 % strain when the applied voltage exceeded 5 V (figures 5c, 5d, and 5e). Fan speed was substantially reduced at strains over 50% (figure 5c) -fan operation can be shown in the movie (supplementary data, movie S1). The power consumption of the AMSN film connection to the PC fan was ~30 μW at 6 V total voltage, compared with 3 W for the fan itself, and the circuit current-voltage response of the AMSN film at 0% strain is totally identical to copper foil (figure 5f). The current was constant when the film was stretched to 30% strain. Also, the current-voltage characteristics were highly reversible when the strain was released. The fan was operated at 8 V for 300 h at 30% strain without any degradation of the AMSN film.
Conclusions
In conclusion, we present free-standing elastomeric nanocomposites with ultrahigh conductivity that can operate in high current circuits. The nanocomposites were prepared by mixing MWNTs, an ionic liquid, and Ag nanoparticles in polystyrene-polyisoprene-polystyrene copolymer matrix. The electrical conductivity of the film reached ~3,700 S cm -1 at 0% strain and ~50 S cm -1 at 100% strain in the free standing films without substrate and without perforation or corrugation. A PC fan circuit was operated using a conducting link provided by the composite films at various DC voltage at up to 70% strain.
The AMSN film provided comparable performance to copper sheet having about the same dimensions, but could also maintain the revolution rate of the PC fan at 3V to 30% strain. In addition, the current carrying capability of the AMSN film itself were 6 and 3 A/mm 2 at zero and 30% strain, respectively.
Also, the observed combination of a very small dependence of conductivity on temperature with an exponential dependence on strain suggests the application of AMSN films as strain sensors. This composite film can be also apply to diverse areas requiring highly deformable interconnects, such as construction of high-power energy harvesting, joints of robot's arm, and large-scaled stretchable display and actuators. comparisons with previous literature results: diamond, silver micro electrode at 10% strain [5] ; square, super growth SWNT films under 25% strain [10] ; triangle, SWNT/silicone rubber composite electrode at 30% strain [14] . 
